OBJECTIVEdTo compare associations of maternal glucose and A1C with adverse outcomes in the multinational Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study and determine, based on those comparisons, if A1C measurement can provide an alternative to an oral glucose tolerance test (OGTT) in pregnant women.
T
he American Diabetes Association recently endorsed recommendations to use hemoglobin A1C (A1C) to diagnose diabetes and to identify people at increased risk for developing diabetes (1).
They noted that A1C does not require a fasting state, reflects the usual level of glycemia for a period of 3-4 months, has low intraindividual variability, and is a good predictor of diabetes-related complications.
However, these recommendations stipulate that the diagnosis of diabetes during pregnancy requires glucose testing since changes in erythrocyte turnover make the A1C assay problematic (2) .
In overt diabetes, measurements of A1C are highly correlated with average glucose concentrations assessed by multiple daily measurements of capillary blood (3) . Historically, A1C concentrations in preexisting diabetes have been associated with the risk of chronic complications and of adverse events during pregnancy, such as miscarriage, congenital malformations, or macrosomia (3) . However, it has been shown that A1C measurements (4, 5) and fructosamine levels (6,7) do not adequately separate women with normal pregnancy from those with gestational diabetes mellitus (GDM), even though A1C levels decline in normal pregnancy (8) .
The objective of the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study was to clarify the risk of adverse outcomes associated with degrees of glucose intolerance in pregnancy less severe than overt diabetes. Glucose tolerance was measured by a 75-g 2-h oral glucose tolerance test (OGTT) in a large, heterogeneous, international, ethnically diverse cohort of women at 24-32 weeks' gestation. Results of the HAPO Study on associations of maternal glucose levels below those diagnostic of diabetes with pregnancy outcomes have been reported (9) .
The purpose of this report is to compare associations of maternal glucose and A1C measured at 24-32 weeks' gestation with adverse outcomes and to determine, based on those comparisons, if A1C can be used as an alternative to measurement of glucose in pregnant women.
RESEARCH DESIGN AND
METHODSdThe protocol was approved by the institutional review board at all 15 field centers. All participants gave written informed consent. An external data monitoring committee provided oversight. Study methods have been published (9) (10) (11) . A brief overview is presented here.
All pregnant women at each field center were eligible to participate unless they had one or more exclusion criteria (9) : age ,18 years, delivery planned at another hospital, date of last menstrual period not certain and no ultrasound estimation from 6 to 24 weeks of gestational age available, unable to complete the OGTT by 32 weeks' gestation, multiple pregnancy, conception using gonadotropin ovulation induction or by in vitro fertilization, glucose testing before recruitment or a diagnosis of diabetes during this pregnancy, diabetes antedating pregnancy requiring treatment with medication, participation in another study that may interfere with HAPO, known to be HIV positive or to have hepatitis B or C, prior participation in HAPO, or inability to converse in the languages used in field center forms without the aid of an interpreter. If glucose measurements were made outside of HAPO after initial enrollment, the participant was excluded from further participation.
Methods to determine gestational age and expected date of delivery have been described previously (9) .
Glucose tolerance
Participants underwent a 75-g OGTT between 24 and 32 weeks' gestation (as close to 28 weeks as possible). Samples were collected fasting and at 1 and 2 h following the glucose load. A sample for random plasma glucose (RPG) was collected at 34-37 weeks' gestation as a safety measure to identify cases with hyperglycemia above a predefined threshold.
Glucose analysis and unblinding
Aliquots of fasting and 2-h OGTT and RPG samples were analyzed at field center laboratories. Values were unblinded if fasting plasma glucose (FPG) was .5.8 mmol/L, if 2-h OGTT plasma glucose (PG) was .11.1 mmol/L, if RPG was $8.9 mmol/L, or if any PG value was ,2.5 mmol/L. Otherwise, women, caregivers, and HAPO Study staff (except for laboratory personnel) remained blinded to glucose values. To avoid confounding effects of center-to-center analytical variation, aliquots of all OGTT specimens were analyzed at the HAPO Central Laboratory (Belfast, Northern Ireland, U.K.) using a chemical analyzer (Vitros 750; Ortho Clinical Diagnostics, Rochester, NY), and those results are used here. Only data from women whose results remained blinded, with no additional glucose testing outside the HAPO protocol, are included in these analyses.
A1C analysis
Blood was drawn for analysis of A1C at the OGTT visit and stored frozen before transfer to the Central Laboratory where all A1C measurements were made. Previous large clinical trials such as the Diabetes Control and Complications Trial (DCCT) and the Diabetes Prevention Program (DPP) analyzed A1C on fresh, unfrozen samples shipped frequently to a central laboratory (all within the U.S.). This approach was not feasible in the HAPO Study involving 15 centers on four continents. A new method of sample storage and maintenance was developed before the study that gave reproducible results over several months for samples stored frozen (11) .
A1C was measured by a highperformance liquid chromatography method on the Biomen HA 8140 instrument that gives an elution profile in which the glycated and nonglycated hemoglobin components are resolved in a time-dependent manner. Inspection of the elution profile for each participant sample allowed the detection of hemoglobin variants, such as HbS, HbC, or HbE. Women with variant hemoglobin are not included in this report. The coefficient of variation ranged from 2.8 to 5.0% across the range of A1C values. For external quality control, the Central Laboratory participated in the European Reference Laboratory (ERL) Program, which allows standardization to DCCT values, and the U.K. National Glycation Standardization Program, which involves certification of the high-performance liquid chromatography analytical procedure (11) .
Cord serum C-peptide and PG levels Cord blood was collected at delivery and analyzed for C-peptide and glucose at the central laboratory (11) . Cord serum C-peptide (secreted in equimolar concentrations with insulin) was used as the index of fetal b-cell function; in contrast to insulin, C-peptide is not degraded by hemolysis, which occurs in ;15% of cord samples (12) . Functional sensitivity of the assay was 0.2 mg/L. Cord PG was also measured at the central laboratory.
Demographic data
Height, weight, and blood pressure were measured at the OGTT visit using standardized procedures and calibrated equipment. Data concerning smoking and alcohol use, first-degree family history of diabetes and hypertension, and demographics were collected using standardized questionnaires. Race/ethnicity was selfidentified by participants.
Prenatal care and delivery
Prenatal care and timing of delivery were determined by standard field center practice.
No field center arbitrarily delivered patients before full term or routinely performed cesarean delivery at a specified maternal or gestational age.
Neonatal care and anthropometrics
After delivery, infants received customary routine care. Medical records were abstracted to obtain data regarding prenatal, labor and delivery, postpartum, and newborn course.
Neonatal anthropometrics were obtained within 72 h of delivery. Anthropometric measurements included weight, length, head circumference, and skinfold thickness at three sites (flank, subscapular, and triceps) (13) . Birth weight was obtained without a diaper using a calibrated electronic scale. Length was measured on a standardized plastic length board constructed for use in the HAPO Study. Skinfold thickness was measured with Harpenden skinfold calipers (Baty International, West Sussex, U.K.).
Primary outcomes
Birth weight >90th percentile. The 90th percentiles for gestational age (30-44 weeks) were determined for eight newborn sex-ethnic groups (Caucasian or Other, Black, Hispanic, and Asian), with adjustment for gestational age, field center, and parity (0, 1, 2+) using quantile regression. A newborn was considered to have a birth weight .90th percentile if birth weight was greater than the estimated 90th percentile for the baby's sex, gestational age, ethnicity, field center, and maternal parity. Otherwise, the newborn was considered to have a birth weight #90th percentile. Primary cesarean section. If the delivery was the first by cesarean, it was defined as primary. Clinical neonatal hypoglycemia. Clinical neonatal hypoglycemia was defined by one or more clinical criteria: a notation of neonatal hypoglycemia in the medical record and symptoms or treatment with a glucose infusion or a laboratory-reported glucose value #1.7 mmol/L in the first 24 h after birth or #2.5 mmol/L after the first 24 h (14) . Meter measurements of glucose were not included in this determination. Cord C-peptide >90th percentile. The 90th percentile for the total HAPO cohort (1.7 mg/L) was used. did not progress to preeclampsia was classified as chronic hypertension. Hypertensive disorders occurring after 20 weeks were categorized according to the International Society for the Study of Hypertension guidelines (15) . Preeclampsia was defined as systolic blood pressure $140 mmHg and/or diastolic blood pressure $90 mmHg on two or more occasions at least 6 h apart and proteinuria $1+ on dipstick or $300 mg on 24-h urine collection. If the criteria for elevated blood pressure were met without proteinuria, this was classified as gestational hypertension. Preterm delivery. Preterm delivery was defined as delivery prior to 37 weeks' gestation. Sum of skinfolds >90th percentile. Sum of skinfolds .90th percentile for gestational age (36-44 weeks only) was defined using the same methods as for birth weight .90th percentile. Percent body fat >90th percentile. Fat mass was calculated from birth weight, length, and flank skinfold according to the equation given in Catalano et al. (16) that was based on measurements of total body electrical conductivity. The derived formula was also prospectively validated with estimates of fat mass by total body electrical conductivity. Percent body fat was then calculated as 100 3 fat mass/ birth weight. Percent body fat .90th percentile for gestational age (36-44 weeks only) was defined using the same methods as for birth weight .90th percentile.
Secondary outcomes

Statistical analyses
Descriptive statistics include means and SDs for continuous variables and numbers and percentages for categorical variables. For analyses of associations of A1C with primary outcomes, A1C was considered as both a categorical and continuous variable in multiple logistic regression analyses. For other outcomes and maternal glucose, only continuous variable results are presented. In categorical analyses, A1C was divided into seven categories with ;50% of all values in the two lowest categories and 3 and 1% in the two highest categories, respectively. These categories were selected to provide numbers in each category that were similar to those previously reported for maternal glucose (9) . We also created a composite OGTT measure that used all three glucose measures. This variable was created by calculating z-scores for FPG, 1-h PG, and 2-h PG by subtracting the appropriate HAPO mean from each woman's glucose measurements, dividing by the corresponding SD, and then summing the three resulting z-scores for each woman. For continuous variable analyses, odds ratios (ORs) were calculated for each measure (A1C, FPG, 1-h PG, 2-h PG, and the composite OGTT measure) higher by 1 SD. To assess whether the log of the odds of each outcome was linearly related to A1C and glucose measures, we added squared terms in each measure. Because of the large sample size in HAPO and the generally large number of women with each outcome, squared terms were considered statistically significant and included in logistic models only for P , 0.001.
For each outcome included in the A1C categorical analyses, three logistic models (1, 2, and 3) were fit. Model 1 included adjustment for the variables used to define the 90th percentile for the neonatal anthropometric measures, and model 2 included additional adjustment for multiple potential confounders that had been prespecified. Potential confounders included in model 2 were maternal age, BMI, height, gestational age, and mean arterial For the four glucose measures in the continuous variable analyses, we fit three logistic models, with models 1 and 2 the same as for A1C and model 3 including adjustment for A1C, which yielded associations of A1C, adjusting in turn for FPG, 1-h PG, 2-h PG, and the composite glucose measure. To determine whether the associations of A1C with each outcome were significantly different from those of the four glucose measures, we compared the model 3 logistic regression coefficients for A1C with those of FPG, 1-h PG, 2-h PG, and the composite measure. All analyses were conducted in SAS version 9.1 or Stata 11.2.
RESULTSdPregnancies in 23,316 women with glucose values blinded, birth weight recorded, gestational age determined, and obstetric and neonatal records available were in the initial report (9); A1C results were available for 21,909 of these pregnancies. Hemoglobinopathies were found in 845 or 3.9% of the participants, and the results from these pregnancies were removed leaving 21,064 for these analyses. Characteristics of these participants and frequency of outcomes are shown in Table 1 . Correlations of A1C with FPG, 1-h PG, 2-h PG, and the composite measure were 0.290, 0.254, 0.227, and 0.324, respectively (all P , 0.001). Table 2 shows associations of maternal A1C with each of the prespecified primary outcomes, including ORs and 95% CIs for each category of A1C compared with the lowest or referent category. With higher levels of maternal A1C, the frequencies of birth weight .90th percentile, primary cesarean section, and cord serum C-peptide .90th percentile were greater. For example, the frequency of cord serum C-peptide .90th percentile rose from 5.7% in the lowest category of A1C (,4.5%) to 23.2% in the highest ($5.8%). In model 1, the OR was 2.71, 1.79, and 5.10 in the highest compared with the lowest category of A1C for birth weight .90th percentile, primary cesarean section, and cord serum C-peptide .90th percentile, respectively. Associations were attenuated with adjustment for model 2 confounders but remained significant for birth weight and cord serum C-peptide .90th percentile with ORs of 1.93 and 3.38, respectively. The odds of clinical neonatal hypoglycemia rose through the first six categories of A1C but were lower in the highest category. With adjustment for the composite glucose measure in model 3, there was no independent association of A1C with birth weight .90th percentile or clinical neonatal hypoglycemia. The associations with primary cesarean section and cord C-peptide were further attenuated with this adjustment for PG.
Results from continuous variable models 1 and 2 for the associations between A1C, the four glucose measures, and outcomes are shown in Table 3 . In model 1 analyses, there were significant associations of A1C and PG with all of the primary and secondary outcomes. For birth weight, cord C-peptide, sum of skinfolds, and percent body fat .90th percentile, the ORs for A1C were smaller than those for PG. Associations were somewhat attenuated with adjustment for model 2 confounders but remained significant. Again, ORs for A1C were somewhat smaller than those for PG for birth weight, cord Cpeptide, sum of skinfolds, and percent body fat .90th percentile. Associations with the other outcomes were generally similar for PG and A1C. In general, the composite measure of PG indicated by the PG z-score was more strongly associated with risk of the outcomes than individual measures of PG alone. Table 4 shows the independent associations of the glucose measures with adjustment for A1C and the associations of A1C adjusted for each of the glucose Table 3dRelationship a between maternal glucose, A1C, and primary and secondary outcomes measures. Associations were significantly stronger for each of the glucose measures than for A1C for birth weight, sum of skinfolds, and percent body fat .90th percentile (all P , 0.001). In addition, with adjustment for the composite measure, A1C was not significantly related to birth weight and percent body fat .90th percentile, and A1C was not significantly related to sum of skinfolds .90th percentile with adjustment for each of the four glucose measures. Associations were also significantly stronger for fasting, 1-h PG, and the composite measure than for A1C for cord C-peptide .90th percentile. There were no significant differences between the glucose measures and A1C for the associations with primary cesarean section, clinical neonatal hypoglycemia, and preeclampsia. A1C showed a stronger association than FPG for preterm delivery (P = 0.003) but no difference compared with 1-or 2-h PG or the composite measure.
CONCLUSIONSdHistorically, A1C measurements (4, 5) and fructosamine levels (6,7) did not adequately separate women with normal pregnancy from those with GDM, even though A1C levels decline in normal pregnancy (8) . However, none of these reports involved a sample size approaching that of the HAPO Study cohort. In the HAPO Study cohort, we found significant correlations of A1C with the individual OGTT glucose measures (FPG correlation being the largest), as well as the composite measure, which was larger than the individual glucose measures. There were also significant associations between higher levels of A1C and all of the primary and secondary HAPO Study outcomes, when the associations were not adjusted for glucose.
The new criteria for the diagnosis of GDM promulgated by the International Association of Diabetes in Pregnancy Study Groups (IADPSG) (17) were based on associations seen between glucose and birth weight, cord C-peptide, and percent body fat .90th percentile. These outcomes were selected because fetal macrosomia is a major indicator of hyperglycemia in pregnancy and because of the known associations between macrosomia and excess adiposity with fetal hyperinsulinemia (17) .
For the outcomes used to derive the IADPSG criteria, in models that included both glucose and A1C, the four glucose measures had significantly stronger associations with birth weight, sum of skinfolds, and percent body fat .90th percentile, and only 2-h glucose did not have a significantly stronger association with cord C-peptide .90th percentile. In addition, with adjustment for the composite glucose measure, A1C was not significantly associated with any of the neonatal anthropometric outcomes. For example, the model 3 adjusted OR per SD difference for birth weight .90th percentile was 1.36-1.54 for glucose versus 1.02-1.08 for A1C, and the association for A1C was not significant with adjustment for the PG z-score sum. The only instance where A1C had a significantly stronger association was for FPG for preterm delivery. But there were no significant differences compared with the other three glucose measures. And there were no significant differences between A1C and glucose for primary cesarean delivery, clinical neonatal hypoglycemia, and preeclampsia. We cannot determine why, with adjustment for glucose measures, A1C is associated with some pregnancy outcomes but not others. A1C reflects average glycemia over an interval of several preceding weeks. Since A1C was associated with cesarean delivery, preeclampsia, and preterm delivery, it might be speculated that risks of these outcomes are influenced by glycemia earlier in pregnancy, whereas anthropometric outcomes are more strongly associated with glycemia later in pregnancy.
Our findings are consistent with the new IADPSG recommendations. These findings, based on its associations with pregnancy outcomes with adjustment for glucose, suggest that measurement of A1C is not a useful alternative to an OGTT in pregnant women. Furthermore, the generally stronger associations between a single measure of glucose at an average of 28 weeks' gestation with pregnancy outcome than the associations of A1C with the same outcomes counter the concerns about basing the diagnosis of GDM on a single abnormal glucose measurement performed on only one occasion (18, 19) .
